Circular RNAs (circRNAs) have displayed dysregulated expression in several types of cancer. However, the functions of the majority of circRNAs in pancreatic ductal adenocarcinoma (PDAC) remain unknown. The present study aimed to investigate the expression, functions and molecular mechanisms of circRNAs in PDAC. The circRNAs, mRNAs and the microRNA (miRNAs) expression profiles were obtained from three Gene Expression Omnibus microarray datasets, and a circRNA-miRNA-mRNA and circRNA-miRNA-hubgene network was established. The interactions between proteins were analyzed using the Search Tool for the Retrieval of Interacting Genes/Proteins database, and hubgenes were identified using the MCODE plugin. A total of eight differentially expressed circRNAs (DEcircRNAs), 44 differentially expressed miRNAs (DEmiRNAs), and 2,052 differ entially expressed mRNAs (DEmRNAs) were identified. The present study successfully constructed a circRNA-miRNA-mRNA competing endogenous RNA (ceRNA) network based on four circRNAs, six miRNAs and 111 mRNAs in PDAC. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes pathways analyses indicated that DEmRNAs may participate in the pathogenesis and progression of PDAC. The protein-protein interaction network and module analysis identified six hubgenes (THBS1, FN1, TIMP3, TGFB2, ITGA1 and ITGA3). Furthermore, the circRNA-miRNA-hubgene regulatory modules were constructed based on the three DEcircRNAs, one DEmiRNAs and five DEmRNAs. In conclusion, the results of the present study improve the current understanding of the pathogenesis of PDAC.
Introduction
As the incidence and mortality rates of pancreatic ductal adenocarcinoma (PDAC) continue to increase annually, it has been estimated to become the second leading cause of cancer-associated mortality in Europe and the USA by 2030 (1, 2) . To date, surgery is the only treatment option available; however, the 5-year overall survival (OS) time remains unsatisfactory (1, 3) . This is largely due to a low early diagnostic rate and the fact that the majority of patients exhibit local invasion or distant metastasis (4) . In addition, systemic chemotherapy has a limited impact and significant toxicity on the treatment of patients with advanced-stage PDAC. In the majority of cases, these patients are largely resistant to molecularly-targeted agents and immunotherapy (5) . Therefore, it is essential to understand the potential mechanism of the carcinogenesis of PDAC and to identify novel markers for developing more effective therapeutic approaches.
Circular RNAs (circRNAs) are a class of noncoding RNAs with continuous and covalently closed circular structures (6) . These molecules are not easily degraded by nucleases in the absence of free 3' and 5'ends, which makes them more stable than the majority of linear RNAs (7, 8) . The continuous development of high-throughput sequencing technologies and analysis has allowed for the identification of numerous circRNAs that are abnormally expressed in tumor tissues and have an important influence on tumor progression (9) (10) (11) . CircRNAs can function as a microRNA (miRNA) sponge to repress miRNA function using miRNA response elements (MREs). This inhibits the activity of miRNAs and regulates the expression of their downstream target genes in numerous types of malignancies (12) . Rao et al (13) demonstrated that circRNA-0007874 (circMTO1) expression was decreased in glioblastoma tissues; moreover, elevated circMTO1 expression is known to inhibit cell proliferation and promote apoptosis in both in vivo and in vitro conditions. miR-630 is a targeted miRNA of circMTO1. Therefore, Rao et al (13) established a circMTO1/miR-630/temozolomide (TMZ) competing endogenous RNA (ceRNA) network, suggesting that circMTO1 could reverse chemical resistance to TMZ by regulating miR-630. Furthermore, circZFR interacts with C8orf4 through sponging miR-1261 in papillary thyroid carcinoma (14) .
In the present study, differentially expressed gene (DEG) expression profiles were obtained from the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih. gov/geo/). The flowchart for this procedure is presented in Fig. 1 . After predicting the sponge miRNA of circRNA and miRNA-mRNA pairs, the present study successfully established the circRNA-miRNA-mRNA network. Subsequently, the present study performed a series of analyses, including functional enrichment analyses and the interactions between proteins. The circRNA-miRNA-hubgene regulatory modules were constructed in order to better understand the pathogenesis of PDAC.
Materials and methods
Microarray data processing. The present study downloaded two circRNA expression profiles [GSE69362 (15) and GSE79634 (16) ] from the GEO database based on the GPL19978 platform (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi). The present study also downloaded the expression profiles of mRNA and miRNA [GSE60980 (17) ] from GEO database based on GPL14550 and GPL15159 platforms (https://www. ncbi.nlm.nih.gov/geo/query/acc.cgi). The GSE69362 dataset included 31 normal pancreatic tissues and six PDAC tissues. The datasets of GSE79634 included 20 PDAC tissues and 20 paracancerous tissues. The array data for GSE60980 included the miRNA expression profiles of 51 PDAC tissues and six normal tissues, and mRNA expression profiles of 49 PDAC tissues and 12 normal tissues. No ethical approval nor informed consent was required in the present study due to the data being publicly available from the GEO.
Screening for DEGs. The raw data from the microarray datasets were normalized and log2-transformed. The DEGs of each dataset were identified using the Limma package (version 3.40.6) in the Bioconductor package (18) . Subsequently, the present study integrated and ranked the differentially expressed circRNAs (DEcircRNAs) with a robust rank aggregation method (19) . The FDR <0.05 and |log2 fold change (FC)| >1 were considered as the threshold values for DEGs selection.
Construction of the ceRNA network. The Circular RNA Interactome (https:// circinteractome.nia.nih.gov/) and Cancer-Specific CircRNA databases (http://gb.whu.edu.cn/ CSCD/) were used to predict the regulatory relationships between circRNAs and miRNAs. Only the overlapping genes were selected as candidate target miRNAs, which were further screened by the differentially expressed miRNAs (DEmiRNAs). Subsequently, the present study used miRTarBase (20) and TargetScan (21) databases to identify miRNA targeted mRNAs. Only the mRNAs recognized by both databases were considered as candidate mRNAs and were subsequently intersected with the differentially expressed mRNAs (DEmRNAs) in order to determine the DEmRNAs that were targeted by the DEmiRNAs.
The circRNA-miRNA-mRNA network was established using a combination based on circRNA-miRNA pairs and miRNA-mRNA pairs and was visualized using Cytoscape software (version 3.7.0; http://cytoscape.org/).
Functional enrichment analysis. Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses were conducted using the Cluster Profiler package (version 3.12.0) of R software (version 3.6.1; http://www.r-project.org) (22) , in order to assess the primary function of the DEmRNAs in the ceRNA network in tumorigenesis.
Construction of the protein-protein interaction (PPI) network.
The present study established a PPI network using the Search Tool for the Retrieval of Interacting Genes (STRING; https://string-db.org/) in order to assess the interactions between DEmRNAs. Cytoscape 3.7.0 was used for visualization. The MCODE plugin was then used to extract hub genes from the PPI network (23) .
Statistical analysis. All data were analyzed using R version 3.6.1. The paired Student's t-test was performed to compare the DEGs between the PDAC tissues and paracancerous tissues and FDR filtering was used for comparative analysis. P<0.05 was considered to indicate a statistically significant difference.
Results
Identification of differentially expressed circRNA, mRNA and miRNA. In total, 282 and 174 DEcircRNAs were identified from the GSE79634 and GSE69362 datasets, respectively. Among these, 120 upregulated and 162 downregulated circRNAs in the GSE79634 dataset ( Fig. 2A) , and 116 upregulated and 58 downregulated circRNAs in the GSE69362 dataset ( Fig. 2B ), were identified. All DEcircRNAs in the GSE79634 and GSE69362 datasets are presented in Fig. 3A . The GSE60980 dataset included mRNA and miRNA expression profiles. Based on this dataset, a total of 44 DEmiRNAs (17 upregulated and 27 downregulated miRNAs) and 2,052 DEmRNAs (1,036 upregulated and 1,016 downregulated mRNAs) were identified in PDAC ( Fig. 2C and D) . The basic information of the three datasets is listed in Table I . The DEcircRNAs of GSE79634 and GSE69362 datasets were integrated and ranked using a robust method (Table II) . In total, eight DEcircRNA (six upregulated and two downregulated circRNAs) were identified (P<0.05; Fig. 3B ). The basic characteristics of the eight circRNAs are presented in Table III . The basic structural patterns of the six circRNAs are presented in Fig. 4 .
Construction of the ceRNA network. The potential miRNAs targets of the eight DEcircRNAs were retrieved from the CSCD and CircInteractome online database. A total of 409 circRNA-miRNA pairs were identified. After intersecting with the DEmiRNAs, only 10 circRNA-miRNA pairs, including four circRNAs (hsa_circ_0006220, hsa_ circ_0043278, hsa_circ_0001666 and hsa_circ_0092367) and six DEmiRNAs (hsa-mir-1, hsa-mir-214, hsa-mir-224, hsa-mir-223, hsa-mir-1305 and hsa-mir-375), remained. Subsequently, the miRTarBase and TargetScan databases were used to identify target mRNAs of six DEmiRNAs. After the targeted mRNAs intersected with DEmRNAs, the remaining DEmRNAs were used as candidate genes.
The results indicate that the ceRNA network included 111 DEmRNAs. Finally, the present study constructed a ceRNA network based on the four circRNAs, six miRNAs and 111 mRNAs ( Fig. 5 ).
Functional enrichment analysis of DEmRNA. GO and KEGG pathways analyses were performed in order to investigate the biological function of the 111 DEmRNAs. Among the 129 biological process terms, the most enriched GO terms were 'extracellular matrix organization' and 'extracellular structure organization' (P<0.05). The mRNAs associated with cellular components were most relevant to the extracellular matrix (P<0.05). In terms of molecular function, DEmRNAs were primarily enriched in 'cell adhesion molecule binding' (P<0.05). The GO terms are presented in Table IV . Furthermore, the KEGG pathway analysis indicated that the majority of the DEmRNAs were involved in 'focal adhesion' and 'microRNAs in cancer'. The KEGG pathways are presented in Table V .
Construction of PPI network and module analysis. The PPI network was constructed, and included 37 nodes and 36 edges (Fig. 6A) , following the removal of unconnected nodes. The degree, betweenness centrality and key ci rcR NA-m i R NA-m R NA reg ulator y modules were extracted using the MCODE approach (24) from the PPI network in order to investigate the hubgenes in the process of PDAC carcinogenesis. The significant module contained six nodes and 11 edges. The hubgenes included THBS1, FN1, TGFB2, ITGA1, ITGA3 and TIMP3 (Fig. 6B) . Subsequently, the present study established a circRNA-miRNA-hubgene subnetwork (Fig. 7) , including 16 subnetwork regulatory modules. Since the expression levels of hsa_circ_0092367 and TGFB2 were inconsistent, the hsa_circ_0092367/hsa-mir-375/TGFB2 regulatory module was excluded. 
Discussion
circRNAs have become popular topics for research over previous years. circRNAs differ structurally to the well-known linear RNA due to the absence of the 3' or 5' polarities or polyadenylated tails (8) . This increases their stability and protects them against degradation by the RNase-R enzyme (25) . circRNA is abundant in eukaryotic cells where it is found to be structurally stable, highly conserved, and with tissue, timing and disease specificity (26, 27) . These characteristics make circRNAs potential biomarkers for several types of tumor (28, 29) . Although the exact functions of the majority of circRNAs remain unclear, a number of recent studies have suggested that circRNAs affect the initiation and development of different types of malignancies (30) (31) (32) . Cao et al (32) reported that circRNA_100876 was highly expressed in esophageal squamous cell carcinoma. Furthermore, knockdown of circRNA_100876 was demonstrated to inhibit proliferation, migration and progression of the epithelial-mesenchymal transition (EMT). In addition, Chen et al (30) revealed that circPRMT5 promotes the EMT through sponging miR-30c to promote bladder cancer metastasis. Nevertheless, the exact role of circRNAs in PDAC remains undefined. The present study first performed microarray analysis to identify DEcircRNAs in PDAC samples and associated normal samples. In order to increase the accuracy of the results, the present study used two online databases to predict their MREs. Only the genes that overlapped in both algorithms were selected as candidate miRNAs. The results identified 10 DEcircRNA-DEmiRNA pairs by intersecting with the DEmiRNAs. Using the same technique, the present study identified 120 DEmiRNA-DEmRNA pairs. Subsequently, a circRNA-miRNA-mRNA regulatory network was constructed, including four circRNAs, six miRNAs and 111 mRNAs.
Several studies have indicated that circRNA expression is dysregulated in PDAC, resulting in its pathogenesis and prognosis, and so it is considered to be a tumor-associated biomarker (33) (34) (35) . Huang et al (34) demonstrated that hsa_ circ_0000977 was significantly upregulated in PDAC tissues. Silencing hsa_circ_0000977 in vitro was revealed to decrease cell proliferation and induce cell cycle arrest. Furthermore, the authors identified hsa_circ_0000977 can regulate the expression of PLK1 by sponging hsa-miR-874-3p in the cytoplasm. Similarly, elevated circ_0030235 was observed in PDAC cell lines. Overexpression of circ_0030235 was associated with low survival rates and advanced clinicopathological features. As such, circ_0030235 is expected to be a prognostic factor for PDAC (35) . In the present study, a total of four DEcircRNAs (hsa_circ_0006220, hsa_circ_0043278, hsa_circ_0001666 and hsa_circ_0092367) were identified to be involved in the ceRNA network. To the best of our knowledge, these four circRNAs have not previously been reported.
miRNAs are a large class of endogenous noncoding RNAs, 19-25 nucleotides in length, that are involved in the regulation of cell proliferation, differentiation, apoptosis and migration (36, 37) . Previous studies have investigated the binding of circRNAs to miRNAs and their interactions in pancreatic cancer (38, 39) . Hao et al (39) indicated that circ_0007534 promoted PDAC cell proliferation, apoptosis and invasion by sponging miR-892b and miR-625. An et al (38) reported that circZMYM2 participates in progression of pancreatic cancer by sponging miR-335-5p. In the present study, we predicted the correlation between four circRNAs and six miRNAs involved in the ceRNA network. Of these six miRNAs, four have previously been reported in PDAC (40) (41) (42) (43) (44) . Zhu et al (42) demonstrated that miRNA-224 promotes PDAC cell proliferation and migration.
The GO and KEGG enrichment analyses suggest that these DEmRNAs have a significant effect on tumor-associated biological functions. Among the 12 total pathways, 'focal adhesion', 'ECM-receptor interaction', 'microRNAs in cancer' and 'proteoglycans in cancer' are associated with the progression of PDAC (45) (46) (47) (48) . The PPI network was established, including the six hubgenes (THBS1, FN1, TGFB2, ITGA1, ITGA3, and TIMP3), to further identify the key circRNAs participating in the regulatory network. Among these hubgenes, four genes (THBS1, TGFB2, ITGA1 and ITGA3) have been identified to play critical roles in the carcinogenesis and development of PDAC (49) (50) (51) (52) . However, to the best of our knowledge, the association between these genes and circRNAs has not yet been investigated. The present study established 16 circRNA-miRNA-hubgene axes in PDAC. Since the expression levels of hsa_circ_0092367 and TGFB2 were inconsistent, the hsa_circ_0092367/hsa-mir-375/TGFB2 regulatory module was excluded, leaving 15 circRNA-miRNA-hubgene axes. However, given that the results are based on bioinformatics, further studies are required in order to verify the potential role of the 15 axes in PDAC.
The present study presents several limitations. First, the number of samples is small. Future studies should include larger sample sizes in order to establish more accurate results. As neither of the two GSE datasets used in the present study provided patient survival information, the prognostic value of DEGs was not able to be investigated. In addition, although the patients' clinicopathological parameters were provided in each citation of their dataset, they do not provide the corresponding GEO sample ID number for each patient. Therefore, it was not possible to assess the association between DEGs and the clinicopathological parameters. Furthermore, the conclusions of the present study are only based on the current existing tools and databases, and thus lack in vitro analyses.
The present study successfully established a circRNAassociated ceRNA network and circRNA-miRNA-hubgenes regulatory modules via bioinformatics analysis. The results demonstrated that three significant circRNAs (hsa_ circ_0006220, hsa_circ_0043278 and hsa_circ_0001666) may play important roles in PDAC progression, which provides new insight into the pathogenesis for patients with PDAC.
